D
riven by market expansions and shift s in consumption pattern, U.S. broiler production grew rapidly during the past few decades to reach 9.01 million birds in 2008 (NASS, 2009) . Increased broiler litter production usually accompanies large volumes of broiler litter. Cabrera and Sims (2000) reported over 11.4 million tons of broiler litter was generated in 1996, of which over 90% was land applied. Broiler litter disposal by application to pasture and hay fi elds can help recycle manure nutrients through herbage production. Integration of forage production with broiler litter off ers producers an eff ective manure disposal option (Simpson, 1991; Edwards, 1996) .
Broiler litter is a good source of plant nutrients and as a soil amendment (Sims and Wolf, 1994) . It contains substantial amounts of N, P, K, and other nutrients, such as Ca, Mg, S, Cu, Mn, and Zn (Tewolde and Rowe, 2005; Adeli et al., 2007) . Several studies have demonstrated that broiler litter can be an eff ective source of nutrients that can enhance forage biomass production (Kingery et al., 1993; Evers, 2002; Brink et al., 2002; Sistani et al., 2004; Sleugh et al., 2004) . In manure disposal eff orts, producers oft en broadcast apply broiler litter at high fi xed rates or rates based on crop N requirement to supply plant nutrients, particularly N and P. Typically broiler litter N/P ratio is smaller than plant N/P uptake ratio (Evers, 2002) , thus resulting in potential nutrient imbalance if not properly managed. Long-term broiler litter application at high rates for forage production can result in P and other micronutrients like Cu, Fe, and Zn accumulation (Kingery et al., 1993; Sistani et al., 2004; Han et al., 2000; Jackson et al., 2006) . High soil nutrient levels hinder crop growth; limits further broiler litter use and can pose adverse environmental impacts related to soil and water quality. Run off from manured pastures and hay fi elds can serve as a nutrient transport source to surrounding ecologically sensitive surface water bodies causing water quality degradation (Sims, 1995; Sharpley, 1995) . Despite potential agronomical constraints and environmental risks, land application off ers the most practical and economical mean to manage large quantities of broiler litter. As environmental consciousness increases, development of economical, agronomically sound, and environmentally safe broiler litter disposal methods for forage production has become a major concern for producers.
Producer options to manage surplus soil nutrients in manureamended soils may include, increase biomass production by double cropping and nutrient recovery by year-round herbage production (Rowe and Fairbrother, 2003; McLaughlin et al., 2005) , supplementing broiler litter with inorganic fertilizer N to enhance forage growth and nutrient uptake (Evers, 2002; Read et al., 2006) , and continued forage harvesting on residual broiler litter fertility to extract surplus soil nutrients (Novak and Chan, 2002) . In addition, supplementing nutrients to match with crop uptake through inorganic fertilizer application can result in less soil nutrient imbalance and may help to manage surplus soil nutrients in broiler litter impacted soils. To develop broiler litter disposal guidelines through inorganic fertilizer application aft er broiler litter amendment, we need to know if inorganic fertilizer application aft er cessation of broiler litter amendment is eff ective in managing broiler litter derived surplus soil nutrients. Orchardgrass is well adapted to the northeastern United States, with potential for high forage yield and relatively high N recovery from applied manure (Kanneganti and Klausner, 1994) . What is less known is the soil nutrient characteristics and forage production of orchardgrass grown under diff erent broiler litter amendment and following inorganic fertilizer application regimes. Moreover, the inorganic fertilizer application aft er repeated use of broiler litter have not been widely investigated for orchardgrass as a best management practice to control surplus soil nutrients and to assess associated forage production benefi ts.
Th e main objectives of this study were to determine how diff erent broiler litter amendment regimes contribute to soil nutrient accumulation and if inorganic fertilizer application aft er cessation of broiler litter amendment would reduce surplus soil nutrients. Th en to compare the remediation treatments with inorganic fertilizer and regular broiler litter amendment for forage production, mineral concentration, and soil nutrient uptake. Th is experiment will have a practical signifi cance in expanding the existing sustainable broiler litter management options for forage production.
MATERIALS AND METHODS
Th is study was conducted on a Crider silt loam (fi ne-silty, mixed, active, mesic Typic Paleudalf) soil at the Western Kentucky University Agricultural Research and Education Complex, Bowling Green, KY (36°55'42'' N, 86°28'6'' W). Th is experiment had two phases; a 4 yr (2001) (2002) (2003) (2004) "nutrient build-up phase" where the different broiler litter amendment regimes were tested with orchardgrass for their eff ect on soil nutrient content. Th e second phase that was defi ned as "the remediation phase" lasted for 2 yr from 2005 to 2006. During this period broiler litter amendment to half of each nutrient build-up phase plot was terminated and commenced with inorganic fertilizer application based on soil test levels. At the beginning of the nutrient build-up phase, initial soil nutrient levels of the experimental site were characterized by analyzing composite soil samples (n = 15) collected up to 15-cm depth. Four broiler litter application regimes, PLN, at PLP, at PLP+N, and no broiler litter only INORG treatments were imposed on experimental plots during the nutrient build-up phase. Th e amounts of broiler litter, broiler litter nutrients, and fertilizer nutrients supplied to these treatments are presented in Table 1 . Experimental plots (7.5 by 90 m) were laid out as complete randomized block design (CRBD) with four replicates. Orchardgrass was planted in these plots and the four fertility treatments, PLN, INORG, PLP+N, and PLP were randomly assigned within blocks. Th e annual fertilizer doses tailored for plots were equally split applied twice during March and August in each year. A tractor mounted cone spreader was used to apply the boiler litter and the inorganic fertilizer. Soil tests were performed before implementing fertility treatments in the spring and aft er fi nal harvest in the fall. Th e plot-based soil test results and broiler litter composition data in Table 2 were used to determine broiler litter and inorganic fertilizer requirements for treatments in each year. On plots where broiler litter was applied to meet crop N requirement, the amount to be applied was determined using broiler litter N concentration and the estimated amount of N that would be available from broiler litter. Soil N concentration was not used to determine N fertilization rates because it is not recommended in Kentucky (Th om et al., 2000) . Phosphorus rate based broiler litter application rate was calculated on the basis of crop need, soil P content, and the estimated amount of P that would be available from the broiler litter. Nitrogen and P availability from broiler litter was assumed respectively as 50% (Cabrera and Gordillo, 1995) and 80% (Eghball et al., 2002) .
During the remediation phase (2005) (2006) , broiler litter amendment ceased in parts of each PLN, PLP+N, and PLP plots were treated with inorganic fertilizer (N, P, and K) application treatments R-PLN, R-PLP, and R-PLP+N. Th e remaining portions of the plots were continued with the same PLN, PLP+N, and PLP treatments. Even though, R-PLN treatment was assumed to receive no P supplement during the remediation phase, P requirement calculations showed that two replicates of this treatment they require somewhat low amounts of P supplement. All treatments were repeated on the same plots in each year. Soil samples collected before fertility treatments and at end of the fall seasons were analyzed for Mehlich-3 extractable (Mehlich, 1984) P, K, Ca, Mg, S, Na, Fe, Cu, Zn, Fe, and Mn contents using emission spectroscopy on an inductively coupled argon plasma spectrophotometer (ICP). Total soil N was determined by using an automated dry combustion with an Elementar Analyzer (Elementar Inc, Mount Laurel, NJ). As in the nutrient build-up phase plot based soil test results and broiler litter composition data were used to determine annual broiler litter, and inorganic fertilizer requirement for each remediation treatment.
Orchardgrass was harvested at boot stage three times in May to September 2005 and in May to August 2006. However, due to poor rainfall distribution only one forage harvest was possible in 2007. Th us, soil and forage data for the fi rst 2 yr of the remediation phase were subjected to statistical analysis and are presented. Orchardgrass forage dry matter (DM) yield was determined by defoliating a 1 by 6 m swath through the center of each plot at a 7-cm stubble height using a sickle-bar mower. Composite grab samples taken from each plot were dried at 60°C for 48 h to determine DM content and yield. Forage P, Cu, Zn, and Fe content was determined using near-infrared refl ectance spectroscopy (NIR). Forage N content was estimated by using an automated dry combustion with an Elementar Analyzer (Elementar Inc, Mount Laurel, NJ). Nutrient uptake was estimated as the product of DM yield and the percentage plant nutrient content in each plot at each harvest. Forage DM yield and nutrient uptake in each treatment were summed across total harvests to calculate values for the growing season in each year.
Final soil nutrient levels following 4 yr of diff erent broiler litter amendment rates was analyzed for treatment eff ects using a one way ANOVA. Statistical analysis for soil nutrient levels, forage DM yield, mineral concentrations, and soil nutrient uptake during the remediation phase was performed by using General Linear Model (GLM) procedure for a spilt-plot analysis of variance (SPSS, 2002) . Preliminary statistical analysis results (Table 3) indicated that soil P, Cu, Zn contents, and the Zn uptake by orchardgrass showed signifi cant year × fertility regime interactions. But the year × fertility treatment interaction eff ects were not signifi cant for soil N content, forage DM yields, forage mineral concentrations, N, P, and Cu uptake. Th us we compared mean soil P, Cu, and Zn contents and Zn uptake among fertility treatments separately for the 2 yr. Similarly, we averaged soil N, forage DM yield, forage mineral concentration and P and Cu uptake across the 2-yr remediation period and compared them for the treatment eff ects. A probability level of p ≤ 0.05 was established to test the mean diff erences using Duncan Multiple Range Test (Duncan, 1955) .
RESULTS AND DISCUSSION

Soil Fertility Characteristics after Broiler Litter Amendment
Initial soil nutrient characteristics of the experimental site and soil nutrient concentration aft er adopting 4 yr of diff erent broiler litter amendments are presented in Table 4 . Broiler litter application at recommended N rate to orchardgrass for 4 yr raised soil P, Cu, and Zn levels by >200% and Mg content by >17% as compared to the pre-experimental concentrations. However, soil K, Ca, S, Fe, and Mn concentration did not change by broiler litter amendment. Inconsistent with the previous fi ndings of Kingery et al. (1993) , Brink et al. (2002) , Sistani et al. (2004) , Sleugh et al. (2006) , and Mitchell and Tu (2006) broiler litter application at recommended N rate to orchardgrass raised soil P, K, Ca, Mg, S, Na, Cu, and Zn levels in the PLN treatment signifi cantly (P < 0.05%) over the other three broiler litter amended treatments. Th ere was no signifi cant impact of broiler litter application rate on soil Fe and Mn levels (Kingery et al. 1993) . Because of high broiler litter application, PLN soils contained >400% P and >300% Cu and Zn than the INORG treatment. In addition, the PLN treatment showed >100% K and Mg, >9% Ca, >41% S, and >50% Na levels as compared to the INORG treatment. Broiler litter amendment at the P rate supplemented with inorganic N resulted in identical soil P, K, Ca, Mg, S, Na, Cu, and Zn levels as the P rate (PLP) alone treatment. Th is result diff ered from Evers (2002) and Read et al. (2006) who reported that combining inorganic N with broiler litter signifi cantly increased P and K uptake compared to P rate broiler litter alone respectively in annual ryegrass (Lolium multifl orum L.)-bermudagrass (Cynodon dactylon L.) and coastal bermudagrass pastures. Despite broiler litter input, both PLP, PLP+N treatments contained soil P, K, Ca, S, Fe, and Mn levels similar to the INORG treatment. Probably due to the boosted forage yield (data not presented), the PLP+N treatment contributed to lower soil Mg, Na, and Zn levels which were similar to the INORG treatment. It appeared that P, K, Ca, S, Fe, and Mn uptake was more likely to control the forage mineral concentration than by the forage DM yield. Accordingly, despite yield diff erence (data not presented), both PLP and PLP+N treatments contributed equal soil P, K, Ca, S, Fe, and Mn levels similar to the INORG treatment. However, only the PLP+N treatment resulted in Mg, Na, and Zn concentrations identical to the INORG treatment. Th is result suggested a possible high infl uence of forage DM yield on Mg, Na, and Zn uptake. In contrast, the PLP+N treatment contained signifi cantly higher soil Cu as compared to the INORG treatment. Less bioavailability of Cu than Zn in broiler litter amended soils (Han et al., 2000; Read et al., 2006) could explain the signifi cantly high soil Cu contents observed in the PLP+N treatment. Th ere had been signifi cantly (P < 0.05) higher levels of soil Mg, Na, Cu, and Zn in the PLP treatment as compared to the inorganic fertilizer treatment. Th is may be due to the low forage DM yield and resulting low nutrient uptake in the PLP treatment (data not presented). Kingery et al. (1994) found that tall fescue (Festuca arundinacea L.) pastures fertilized with poultry litter at 6 to 22 Mg ha -1 yr -1 rate for 15 to 28 yr resulted in 2.6 mg Cu kg -1 and 10 mg Zn kg -1 concentrations in the top 15 cm of soil. Diff ered from Kingery et al. (1994) , the PLN treatment that received broiler litter rate at a similar range contained fourfold high Cu (2.6 vs. 11.9 mg kg -1 ) and 50% more Zn (10 vs. 15.4 mg kg -1 ). Crops have varying sensitivity for Cu or Zn (Whitehead, 2000) . Tucker et al. (2003) defi ned soil Cu and Zn levels respectively exceeding 120 and 60 mg kg -1 as critical toxic levels for plant growth. None of the treatments in this experiment contained soil Cu and Zn levels exceeding the above toxic limits. However, there was a 2.5-fold greater soil P level in the PLN treatment exceeding the 70 mg kg -1 agronomic threshold.
Effect on Forage Dry Matter Yield
Orchardgrass forage DM yield aft er diff erent fertility treatments are presented in Table 5 . Several researchers have shown increased orchardgrass DM yield with N input. George et al. (1973) found increasing orchardgrass forage yield up to 672 kg N ha -1 application and Robert and Kenneth (2002) suggested that N application up to and even beyond 336 kg N ha -1 increased orchardgrass forage yield. Th e PLN and the PLP treatments that respectively received the greatest and the least N input rates (Table 1) produced the highest and the lowest forage DM yields (14.3 vs. 6.69 Mg ha -1 ). All the remediation treatments along with the PLP+N and the INORG treatment received 220 kg N ha -1 in diff erent forms. As a result, all these treatments produced similar forage DM yields. Contradicting the earlier fi ndings of Sleugh et al. (2006) and Read et al. (2006) a similar forage DM yield was observed between the PLP+N and INORG treatments. Sleugh et al. (2006) documented that sorghum-sudan grass (Sorghum bicolor L.) grown on broiler litter and inorganic N combination produced 30 to 46% lower DM yields than the inorganic fertilizer alone. In contrast, Read et al. (2006) indicated a 10 to 34% increase in coastal bermudagrass dry matter production when broiler litter was combined with inorganic N over only inorganic fertilizer. According to Cherney et al. (2002) orchardgrass produced 5.2 Mg DM ha -1 when fertilized at 18.8 Mg ha -1 dairy manure. Similarly, Kaffk a and Kanneganti (1996) found that orchardgrass fertilized with solid dairy manure at 450 kg total N ha -1 produced maximum a 8.8 Mg DM ha -1 forage yield. In this experiment orchardgrass in the PLN treatment (at 460 kg N ha -1 from 18.4 Mg BL ha -1 ) produced much higher forage DM yield (14.3 Mg DM ha -1 ) than Kaffk a and Kanneganti (1996) . Perhaps the factors like source of manure (broiler litter vs. dairy manure), composition, mineralization rate, and duration of application (6 vs. 3 yr) might have attributed to the high forage DM yield observed in the PLN treatment.
Previous research by Cherney et al. (2002) confi rmed that residual fertility of antecedent manure contributed to higher forage yields than the inorganic fertilizer alone. His fi ndings suggested a 29% increase in DM production in the orchardgrass that had previous dairy manure application history over those without. Th e results of this experiment was diff erent from Cherney et al. (2002) and showed no signifi cant increase in forage DM yield due to previous broiler litter amendment. All the previously broiler litter amended remediation treatments and the INORG treatment produced similar forage DM yields. However, there was about 17% greater forage DM yield in the the R-PLN treatment (at 220 kg inorganic N ha -1 aft er 456 kg BL N ha -1 ) as compared to the R-PLP, R-PLP+N and the INORG treatment (all at 220 kg N ha -1 ). Moreover, it was observed that both R-PLN and PLN treatments producing equivalent DM yields (12.65 and 14.3 Mg DM ha -1 ). Gordillo and Cabrera (1997) reported due to mineralization, some of the N in the broiler litter is not available in the year that it is applied. Probably the additional release of N from previous broiler litter application might have contributed to increased forage production in the R-PLN treatment. Cherney et al. (2002) showed that orchardgrass producing 10.35 Mg ha -1 maximum forage yield when 168 kg N ha -1 was applied aft er antecedent 18.8 Mg ha -1 dairy manure application. With various diff erences in experimental settings, this experiment suggested the R-PLN treatment at 220 kg N ha -1 inorganic fertilizer following 19 Mg BL ha -1 produced 2.3 Mg ha -1 more forage yield (12.6 vs. 10.3 Mg ha -1 ) than Cherney et al. (2002) .
Forage Mineral Concentrations
Forage mineral concentration may vary with species, stage of maturity, season, and soil nutrient levels (Spears, 1994) . Of the broiler litter amended treatments, the PLN treatment assimilated signifi cantly high (p < 0.05) amounts of N and Zn than the other treatments. Th e PLN treatment contained >18 to 35% N and >42 to 61% Zn concentrations respectively than the INORG and the PLP+N and PLP treatments. Possibly the high N input along with elevated soil N levels (Tables 1 and 7 ) that boosted orchardgrass forage yield in the PLN treatment which might have caused high N and Zn assimilation (Adeli and Varco, 2001) . Th e forage P concentration in the PLN treatment remained the same as the PLP+N treatment (Table 5) and it was signifi cantly lower than the PLP treatment. Th e PLP treatment that yielded the least forage DM production assimilated signifi cantly higher amounts of P than all other treatments (Table 5) . Evers (2002) suggested dilution of forage P concentrations due to enhanced forage production by increased N fertility. Accordingly, low forage yield in the PLP treatment led to concentrated forage P in the PLP treatment. In contrast, there were low forage N, Cu, and Zn concentrations in the PLP treatment (Adeli and Varco, 2001) . Th e antecedent broiler litter rate did not impact forage P, Cu, and Zn concentrations. Irrespective of antecedent broiler litter rate, all the remediation treatments had similar forage P, Cu, and Zn concentrations and they were identical to the levels in the INORG treatment.
Th e N assimilation in the regular broiler litter amended treatments varied between 20 and 27 g N kg -1 DM and exceeded the 18.5 to 20.4 g N kg -1 DM concentration reported by Cherney et al. (2002) for dairy manure at 16 to 36 Mg ha -1 rate. Th e highest N assimilation, 27.5 g N kg -1 DM observed in the PLN treatment was comparable to the 30.4 g N kg -1 DM reported by Kingery et al. (1993) for tall fescue pastures grown on soils amended with 6 to 22 Mg ha -1 broiler litter. Inorganic fertilizer at 220 kg N ha -1 in the INORG treatment supported 23.3 g N kg -1 DM concentration that was much lower than the 32 to 35 g N kg -1 DM reported by Kingery et al. (1993) in soils with no broiler litter applied. None of the treatments in this experiment contained N concentration exceeding 32 to 35 g N kg -1 DM that was required for optimal orchardgrass growth (Read et al., 1967) . Read et al. (1967) defi ned 3.5 g P kg -1 DM concentration as plant excess level. Broiler litter application practice appeared to elevate the forage P concentration above the plant excess level. All regular broiler litter amended treatments and those with a previous broiler litter amendment history contained forage P concentrations exceeding the 3.5 g P kg -1 DM level. Only the INORG treatment resulted in forage P concentrations less than the plant excess level. Macnicol and Beckette (1985) suggested that 21 to 40 mg Cu kg -1 DM and 210 to 560 mg Zn kg -1 DM concentration would be toxic to plant growth. According to Tucker et al. (2003) plants require 3 to 10 mg kg -1 Cu and 20-50 mg kg -1 Zn concentrations as adequate levels. However, any of the broiler litter amended or previously broiler litter amended treatments did not contain toxic levels of Cu and Zn. While all the fertility treatments contained adequate Cu concentration, only the PLN and the R-PLN treatments had adequate Zn levels. Kingery et al. (1993) reported that tall fescue pastures treated with 15 to 28 Mg ha -1 broiler litter assimilated 22 g Cu kg -1 DM and 45.0 g Zn kg -1 DM. Th e PLN treatment that received broiler litter within the same range contained 50% lower Cu and Zn concentrations than Kingery et al. (1993) .
Soil Nutrient Uptake
Soil nutrient uptake in diff erent broiler litter amended and in remediation inorganic fertilizer treatments are given in Table 6 . Th e PLN treatment had signifi cantly (P < 0.05) higher N, P, Cu, and Zn uptake among the regular broiler litter amended treatments. Th e PLN treatment extracted >30 to 80% P, >61 to 190% N, >37 to 133% Cu and >133 to 457% Zn (2005) ; >51 to 206% Zn (2006) than the PLP+N, PLP, and INORG treatments. At a broiler litter rate similar to the PLN treatment, Brink et al. (2002) reported that bermudagrass removed 49.7 kg P ha -1 as compared to the 55.2 kg P ha -1 in the PLN treatment. According to Cherney et al. (2002) orchardgrass grown with 36 Mg ha -1 dairy manure (to provide 286 kg N ha -1 ) removed a maximum 158 kg N ha -1 . In another experiment, Kaffk a and Kanneganti (1996) indicated orchardgrass grown with solid dairy manure at 450 kg N ha -1 (equivalent to the BL rate in the PLN treatment) extracted maximum of 122 to 202 kg N ha -1 . Th e results of this experiment confi rmed that orchardgrass in the PLN treatment removing 95 to 150% more soil N than the values reported by Cherney et al. (2002) and Kaffk a and Kanneganti (1996) . In contrast, the PLN treatment removed 34 (2005) to 48 (2006) % (308-432 g ha -1 ) less Zn than the 900 g ha -1 reported by Brink et al. (2002) for bermudagrass grown at 18 Mg BL ha -1 . Th e PLP+N and the INORG treatments extracted similar amounts of N, P, Cu, and Zn. Th e PLP+N and INORG treatments demonstrated signifi cantly higher N, Cu, and Zn uptake than the PLP treatment (P < 0.05). It was evident that high herbage P concentration in the PLP treatment compensated the low DM yield (Table 5) . Despite low DM yield, the PLP treatment removed similar amount of soil P as the PLP+N and INORG treatments. Evers (2002) indicated that addition of inorganic fertilizer together with broiler litter to annual ryegrass-bermudagrass pasture system increased P uptake by 23% as compared to when no inorganic N was added. Similarly, there was a 40% higher P uptake in the PLP+N treatment than the PLP treatment. In addition, the PLP+N treatment reported removing 70% more Cu and 104 (2006) to 139% (2005) more Zn than the PLP treatment. More likely, the signifi cantly high forage DM yield in the PLP+N treatment (Table 5) could have boosted Cu and Zn uptake (Adeli and Varco, 2001) in the PLP+N treatment. Cherney et al. (2002) and Kaffk a and Kanneganti (1996) , reported that orchardgrass fertilized at 252 and 300 kg inorganic N ha -1 removing 231 and 234 to 270 kg N ha -1 , respectively. Inconsistent with Cherney et al. (2002) and Kaffk a and Kanneganti (1996) orchardgrass in the INORG treatment extracted 239 kg N ha -1 . In general, there was much higher Zn uptake than Cu in all fertility treatments. As reported by Han et al. (2000) and Read et al. (2006) there is a higher bioavailability of Zn than Cu in broiler litter amended soils. Th e elevated soil Zn levels (Table 7) could have been contributed much higher Zn uptake than Cu in all the treatments (Table 6) .
Th e PLN treatment recovered 22% of P applied through broiler litter. A similar recovery rate (17-22%) for P had been previously documented by Brink et al. (2002) for bermudagrass grown at 18 Mg BL ha -1 as a single application at diff erent times of the year. For orchardgrass, Cherney et al. (2002) and Kaffk a and Kanneganti (1996) proposed 28 to 55% and 40% N recovery when grown respectively with dairy manure N application, at 246 to 286 kg ha -1 and 234 to 270 kg ha -1 rates. However, the application of similar amounts of broiler litter N to the PLN treatment showed nearly 100% more N recovery (85%) as compared to Kaffk a and Kanneganti (1996) . In addition, the PLN treatment recovered 5.1 (2005) to 7.2% (2006) Zn applied through broiler litter. Th is result was inconsistent with the 7 to 13% of Brink et al. (2002) . But there was much higher Cu uptake (2.1%) in the PLN treatment than the 1.0 to 1.5% reported by Brink et al. (2002) .
Residual eff ect of antecedent broiler litter on soil nutrient uptake was evident for N and P in the R-PLN treatment. Th e R-PLN treatment extracted signifi cantly higher amounts of N (64 kg ha -1 ) and P (16 kg ha -1 ) than the INORG treatment (P < 0.05). Several previous researchers have pointed out a positive impact of residual fertility from manure application to increase soil nutrient uptake by forage crops. Kanneganti and Klausner (1994) demonstrated that intensively managed orchardgrass at 150 kg ha -1 total N supplied through liquid manure in combination with 600 kg ha -1 fertilizer N removed 430 kg soil N ha -1 yr -1 . Cherney et al. (2002) suggested that orchardgrass previously received dairy manure at 33.6 Mg ha -1 for 3 yr extracted 178 to 193 kg soil N ha -1 when the same plots were subsequently treated with 168 kg inorganic N ha -1 . Probably because of diff erences in manure source, nutrient composition, and input rates, orchardgrass in the R-PLN treatment supplemented with 220 kg N ha -1 aft er 19 Mg ha -1 antecedent broiler extracted much lower amount of soil N (303 kg N ha -1 ) than Kanneganti and Klausner (1994) and removed greater N amount than Cherney et al. (2002) . Th ere was signifi cantly higher Cu extraction in the R-PLN treatment than the INORG treatment, but had similar Zn extraction rates. Th e R-PLN treatment extracted similar amount of soil P and Cu and much lower amounts of N and Zn (2005) than the PLN treatment. Similar and high forage yields observed in PLN and R-PLN treatments (Table 5 ) may explain the identical P and Cu uptake observed in these two treatments. However, either the forage DM yield or the forage nutrient concentration (Table 5) or the particular nutrient levels in the soil (Table 7) could not clearly explain the respective N and Zn uptake patterns observed in the PLN and R-PLN treatments. Th ere was no signifi cant diff erence among remediation treatments with respect to the P and Zn uptake. Irrespective of the antecedent broiler litter rate, all the remediation inorganic fertilizer treatments extracted similar amounts of P and Zn. But there was signifi cantly higher Cu uptake in the R-PLN treatment as compared to the other two remediation treatments. It appeared that forage DM yield and mineral concentration interaction eff ect might have infl uenced the P, Cu, and Zn uptake.
Effect of Inorganic Fertilizer Remediation on Excess Soil Nutrients
Soil nutrient levels following diff erent inorganic fertilizer remediation treatments are given in Table 7 . Analysis of variance results showed a signifi cant year × fertility treatment interaction eff ect for the soil P, Cu, and Zn contents but not for the soil N level (Table 3) . Th us, soil P, Cu, and Zn levels were analyzed separately for the 2 yr (2005/2006) and analysis results for average soil N content across the 2 yr (2005) (2006) are presented. Among remediation treatments, the R-PLN treatment contained signifi cantly higher levels of soil P, Cu, and Zn than R-PLP+N and R-PLP treatments for both years. As compared to the R-PLN treatment, the R-PLP and R-PLP+N treatments received much lower and similar P, Cu, and Zn input through broiler litter (Table 1) . As a result, the R-PLP+N and R-PLP treatments contained similar soil P, Cu, and Zn levels which were signifi cantly lower than the R-PLN treatment. Th e R-PLN treatment maintained soil N levels similar to the R-PLP treatment but signifi cantly higher than the R-PLN treatment. In addition, both R-PLP+N and R-PLP treatments contained identical soil N levels. Forage N concentration and soil N concentration followed similar trends indicating possible control of forage mineral concentration over the soil N level.
Across the 2-yr remediation period, there was a decreasing trend for soil P, Cu, and Zn levels in the R-PLN treatment. By the end of the fi rst year, the R-PLN treatment contained 3.3, 3.3, and 2.7 times more P, Cu, and Zn respectively than the INORG treatment. Year later, these diff erences were diminished respectively to 3.1 (P), 2.5 (Cu), and 2.6 (Zn). Th is slower rate of change in remediation confi rmed the fact that phytoremediation of soil nutrients is a slow process that needs a much longer time (Eghball et al., 2003; Novak and Chan, 2002; Pant et al., 2004) . Between the fi rst 2 yr of remediation there was a 25% and 33 to 34% decline respectively in soil P, Cu, and Zn concentrations within the R-PLN treatment. Th e time required for forage crops to reduce nutrient levels in soil can be calculated by examining the target concentrations and the quantity removed by the forage crop. Th ese estimated time depend on the reduction level required, yield, bioavailability, and plant uptake (McGrath et al., 2000) . Assuming the soil nutrient reduction rates observed above herein, it can be estimated that a 5 yr of inorganic fertilizer application to the R-PLN treatment would reduce the soil P, Cu, and Zn contents in the R-PLN treatment to normal soil range. A similar remediation time period had been previously reported by Eghball et al. (2003) for corn P removal. Th eir study suggested that a 5-yr remediation period is required to lower the soil test P from 150 to 69 mg kg -1 level. In addition, McLaughlin et al. (2005) indicated that much faster decline in soil P could be expected in hybrid bermudagrass system due to multiple hay harvests and high P removal potential (50-60 kg ha -1 ) of hybrid bermudagrass. Hence, we suggest that by adopting a 5-yr alternative cycle of inorganic fertilizer application it can be expected to maintain proper P, Cu, and Zn balance in highly broiler litter impacted soils. However, a much longer study may still be needed to verify the long-term impact of inorganic fertilizer application to manage residual broiler litter fertility and to assess the resulting forage production benefi ts.
CONCLUSIONS
Repeated application of broiler litter at N rate led to accumulation of P, K, Ca, Mg, S, Na, Cu, and Zn in orchardgrass soils. Such fertilizing practice can elevate soil P, Cu, and Zn concentrations >200% from the initial soil levels. Broiler litter application based on P requirement supplemented with inorganic N can maintain normal soil nutrient balance, while assuring forage yields equivalent to just inorganic fertilizer application. Adoption of an alternative inorganic fertilizer application cycle aft er cessation of broiler litter amendment showed potential for reducing surplus soil P, Cu, and Zn levels in N rate broiler litter ameliorated soils. Surplus soil nutrient remediation through inorganic fertilizer application may take at least 5 yr to bring the elevated soil P, Cu, and Zn levels back to the normal soil range. In addition, inorganic fertilizer application over the N rate broiler litter residual fertility can off er same high forage production benefi ts similar to inorganic fertilizer application and continuous N rate broiler litter amendment. Th us, inorganic fertilizer application aft er broiler litter amendment can be recommended as a best management practice to remediate surplus soil nutrients resulting from high broiler litter rates. However, a much longer study is needed to assess the long-term impact of broiler litter residual fertility on forage yield, nutrient uptake, and consequently on soil nutrient content.
